The actions of insulin-like growth factor 1 (IGF-1) on protein turnover and of the IGF-1 receptor (IGF-1R) were examined in skeletal muscle of rats with chronic renal failure (CRF) and sham operated (SO), pair-fed controls. Acidemia was prevented in CRF rats with NaHCO 3 . Serum IGF-1 and skeletal muscle IGF-1 and IGF-1 mRNA were reduced in CRF rats. Dose-response studies revealed impaired stimulation of protein synthesis and suppressed inhibition of protein degradation by IGF-1 in epitrochlearis muscle of CRF rats. Neither IGF-1 analogues with low affinity to IGF binding proteins nor proteinase inhibitors obliterated the IGF-1 resistance. In CRF rats, skeletal muscle IGF-1R mRNA was increased; displacement ligand binding studies and affinity labeling of the IGF-1R ␣ subunit indicated increased total skeletal muscle IGF-1R number with normal affinity. However, both autophosphorylation of the IGF-1R ␤ subunit (i.e., IGF-1R tyrosine kinase) and the IGF-1R tyrosine kinase activity towards exogenous insulin receptor substrate-1, a natural substrate for IGF-1R tyrosine kinase, were reduced in CRF rats. These data indicate that in skeletal muscle of CRF rats there is resistance to the IGF-1 effects on protein synthesis and degradation and decreased IGF-1 and IGF-1 mRNA levels; IGF-1R mRNA and number are increased; but activity of IGF-1R tyrosine kinase is impaired. This postreceptor defect may be a cause of the skeletal muscle resistance to IGF-1 in CRF. 
Introduction
Patients with chronic renal failure (CRF) 1 frequently are protein depleted (1) . Protein deficiency in these individuals is evidenced not only by low serum albumin but also by reduced protein content in skeletal muscle (2) , which is the largest compartment for body protein. Skeletal muscle atrophy and fibrosis are not uncommon in CRF (3) . Most studies in rats with experimental CRF demonstrate enhanced net skeletal muscle protein degradation, i.e., the sum of both protein synthetic and degradative rates; both increased protein degradation and/or reduced protein synthesis have been described (4, 5) . Reported causes for enhanced catabolism or reduced synthesis of skeletal muscle protein in CRF include acidemia, elevated glucocorticoids, and insulin resistance (for review see reference 6) . No studies have examined whether there is resistance to the actions of insulin-like growth factor 1 (IGF-1) in skeletal muscle.
IGF-1 is an anabolic hormone that has about 50% structural homology with proinsulin (7) . IGF-1 is synthesized in skeletal muscle as well as other tissues and acts on skeletal muscle primarily through the type 1 IGF receptor (IGF-1R). Like insulin, IGF-1 acts on skeletal muscle to stimulate cellular uptake of glucose and amino acids (8, 9) and enhance protein synthesis and suppress protein degradation (10) . IGF-1 is necessary for skeletal muscle growth (11) , and individuals with growth hormone receptor deficiency who also have low IGF-1 levels (i.e., Laron's dwarfism) have markedly decreased stature with essentially a proportionate reduction in skeletal muscle mass (12) . IGF-1 may act in tissues in an autocrine or paracrine fashion, but may also function as an endocrine hormone (11) . Several reports describe circulating inhibitors to IGF-1 (formerly referred to as somatomedin C) in patients with CRF (13, 14) . Elevated levels of IGF binding proteins (IGFBPs), IGFBP fragments and small hemodialyzable compounds have been implicated as inhibitors of IGF-1 (14) . Because of the potentially anabolic role of IGF-1 in skeletal muscle and other tissues, a number of investigators have begun to give recombinant growth hormone or recombinant human IGF-1 (rhIGF-1) to patients with CRF (15, 16) . The fact that there is no information on the actions of IGF-1 in skeletal muscle in CRF led us to investigate the effects of this hormone on protein turnover in this organ. We first evaluated the doseresponse relationship between rhIGF-1 and protein synthesis and degradation in skeletal muscle in CRF rats and shamoperated (SO), pair-fed rats. It was found that there was a suppressed skeletal muscle response to the anabolic effects of rhIGF-1 on both protein synthesis and degradation in CRF rats. Additional studies examined the potential mechanisms of this inhibition. The results indicate that a postreceptor defect I-IGF-1 (2,000 Ci/mmol) was obtained from Amersham Life Sciences (Arlington Heights, IL). Wheat germ agglutinin (WGA) was purchased from Vector Laboratories Inc. (Burlingame, CA). Disuccinimidyl suberate (DSS) was obtained from Pierce (Rockford, IL). Recombinant rat insulin receptor substrate-1 (IRS-1) and recombinant human IGF-2 (rhIGF-2) were obtained from Upstate Biotechnology Inc. (Lake Placid, NY). Insulin was purchased from Sigma Chemical Co. Animals. Male Sprague-Dawley rats weighing 180-200 grams were studied. Animals were fed Purina rat chow containing 24% protein and tap water ad libitum for at least 3 d before undergoing surgery. CRF was induced by one-stage right nephrectomy and ligation of about three-fourths of the branches of the left renal artery. Shamoperated (SO) rats underwent laparotomy for a similar duration of time. After surgery, CRF rats were fed Purina rat chow (24% protein) and tap water for drinking ad libitum. One SO rat was assigned randomly to each CRF rat. The SO rat was pair-fed the same amount of rat chow that was ingested by the CRF rat on the previous day and allowed to drink tap water ad libitum. The drinking water for the CRF rats contained 80 mM NaHCO 3 to prevent acidemia. Body weight and serum creatinine in tail blood were measured every 3 and 7 d, respectively. After 21-22 d of pair-feeding, the animals were anesthetized; both epitrochlearis muscles were removed immediately and incubated for the measurement of either protein synthesis or protein degradation as described below. Aortic blood was obtained for the measurement of blood pH and pCO 2 . Gastrocnemius muscles and pooled hindlimb muscles were also collected, immediately dropped into liquid nitrogen and stored at Ϫ 80 Њ C for subsequent extraction of total RNA and preparation of WGA-purified IGF-1 receptors (see below). Only the CRF rats that had a serum creatinine concentration of 1.1 mg/dl or greater and that survived the 21-22 d of pair-feeding were included in the studies; this constituted about 50-60% of the rats that underwent surgical reduction of kidney function.
Measurement of IGF-1 in serum and skeletal muscle. IGF-1 was extracted from serum and skeletal muscle and then measured by radioimmunoassay (RIA). Serum was acidified with 0.5 M HCl for 2 h at room temperature followed by separation from binding proteins with HPLC on an acetonitrile gradient in 0.1% trifluoroacetic acid using a C-18 peptide column (VYDAK, Hisperia, CA) as previously described (17) . To extract IGF-1 from skeletal muscle, the procedures employed previously (17) were used with minor modifications. Briefly, tissue was homogenized in 10 volumes of acid-ethanol (ethanol:2 M HCl ϭ 7:1); after incubation at room temperature for 30 min, the homogenate was centrifuged at 12,000 g to remove the debris. The supernatant was neutralized with 0.855 M Tris and precipitated at Ϫ 20 Њ C overnight. The mixture was then centrifuged at 12,000 g for 30 min at 4 Њ C, and the supernatant was lyophilized. The lyophilate was reconstituted in acid-ethanol and reextracted again at Ϫ 20 Њ C for 2 h, centrifuged, and the supernatant was relyophilized. The second lyophilate was dissolved in assay buffer, cleaned by centrifugation, and the clear supernatant was used for RIA. The RIA for IGF-I in both serum and muscle was performed using a modification of the nonequilibrium technique as described by Furlanetto and coworkers (18) using 125 I-labeled IGF-I and the IGF-I antiserum (UBK 487) provided by L.E. Underwood and J.J. Van Dyk (18), as previously described (17) . Muscle protein was measured by the Bradford method (19) . Data were expressed as either ng of IGF-1 per ml (serum) or ng of IGF-1 per gram protein (skeletal muscle).
Measurement of protein synthesis and degradation in epitrochlearis muscle. The measurement of muscle protein synthesis and degradation was based on the method of Clark and Mitch (20) as described previously (17) . Briefly, the epitrochlearis muscle was incubated, without immobilization, in a shaking water bath at 37 Њ C with KrebsHenseleit Ringer bicarbonate buffer (KRB, pH 7.4, containing 10 mM glucose) supplemented with 0.1 mM tyrosine, 0.5 Ci [ 14 C]tyrosine, and gassed with 95% O 2 and 5% CO 2 . To this incubation medium were added different concentrations of rhIGF-1, two IGF-1 analogues (des-IGF-1 or LR 3 -IGF-1), a mixture of five protease inhibitors (0.2 mM AEBSF [aminoethylbenzene sulfonylfluoride], 2 M leupeptin, 2 M pepstatin and aprotinin equivalent to 1 trypsin inhibitor U/ml and 100 U/ml bacitracin) or vehicle, as indicated in Results and in the legends to the figures and tables. After 60 min, the muscle was removed, blotted and reincubated for 2 h in a separate flask containing the same media. The muscle was then removed, homogenized in cold 10% trichloroacetic acid (TCA) and centrifuged. Proteins in the medium were also precipitated with 6% TCA. The pellet from the homogenized, precipitated muscle and the pellet from the medium were each washed with 6% TCA and then dissolved in 0.2 N NaOH. The radioactivity of the two redissolved pellets as well as of the supernatant from the medium was measured with a scintillation counter.
Total tyrosine in the supernatant from the medium was measured fluorometrically as described by Waalkes and Udenfriend (21). Protein synthesis was calculated by dividing the tyrosine radioactivity that was incorporated into muscle protein during the 2 h incubation by the specific activity of tyrosine in the medium (the ratio of the radioactive counts to the total tyrosine content in the supernatant of the deproteinized medium). The method for measuring protein degradation was similar to that for protein synthesis except that 0.5 mM of cycloheximide, a protein synthesis inhibitor, was added, and neither labeled nor unlabeled tyrosine was included in the incubation media. After 2 h of incubation, the media was deproteinized with TCA, and the tyrosine content in the deproteinized medium was measured. Protein degradation was calculated from the rate of tyrosine accrual in the medium during the 2 h incubation. Both protein synthesis and degradation are expressed as nmol tyrosine per gram muscle wet weight per hour.
To examine whether IGF-1 was degraded in the incubation medium, the following protocol was used: epitrochlearis muscles from five pairs of CRF and SO, pair-fed rats were incubated with 300 ng/ml IGF-1 and 0.15 Ci 125 I-IGF-1 for 90 min at 37 Њ C, with or without the five proteinase inhibitors indicated above. At the end of the incubation, fivefold concentrated Laemmli's sample buffer was added to the medium which was then separated on SDS-PAGE with a 15% polyacrylamide separating gel, transferred to 0.4 m Immobilon-P transfer membrane (Millipore) and visualized by autoradiography.
RNA extraction. Total RNA was extracted from gastrocnemius muscles by the guanidine thiocyanate isolation method of Chomczynski and Sacchi (22) using the TRI Reagent (Molecular Research Center, Cincinnati, OH). About 150 mg tissue was homogenized in 1.5 ml of TRI Reagent and centrifuged at 14,000 g for 5 min. RNA in the clear supernatant was isolated according to the manufacturer's instructions and dissolved in Formazol (Molecular Research Center, Cincinnati, OH). The quantity of RNA was determined by absorbance at 260 nm, and the quality was evaluated by visualizing the 18 S and 28 S ribosomal RNA after the total RNA was resolved in a 1% agarose/formaldehyde gel.
Solution hybridization/RNase protection assay. The antisense RNA probe used for the identification of exon 1 and exon 2 IGF-1 mRNA and the probe for IGF-1 receptor mRNA have been described previously (23) (24) (25) . The probes were synthesized and labeled using 50 Ci (10 mCi/ml) [ (24) with minor modifications. RNA samples were brought to a volume of 23.2 l with deionized formamide and added directly to the assay mixture without reprecipitation to avoid variability in recovery of the RNA before hybridization. 20 g of total RNA were hybridized for 16 h at 60 Њ C with 1 l of probe mixture containing the antisense RNA probes for IGF-1 (2 ϫ 10 5 cpm), IGF-1 receptor (2 ϫ 10 5 cpm), and ␤ -actin (1 ϫ 10 3 cpm). The final concentration of the hybridization mixture was 75% formamide, 20 mM Tris, pH 7.5, 1 mM EDTA, pH 8.0, 0.4 M NaCl, and 0.1% SDS. After hybridization, samples were digested with RNase A at 40 g/ml and RNase T1 at 2 g/ml for 1 h at 30 Њ C. Protected hybrids were extracted with phenol/chloroform, precipitated with ethanol, and separated on an 8% polyacrylamide/8 M urea denaturing gel. The amount of each protected fragment was quantified by autoradiography and scanning densitometry.
Preparation of wheat germ agglutinin (WGA)-purified receptors. WGA-purified receptors were prepared from the snap frozen hindlimb muscle as reported previously (25) with minor modifications. All procedures were performed at 0-4 Њ C. Approximately one gram of muscle was homogenized in 4 vol ice-cold buffer A (pH 7.6, containing 50 mM Hepes, 150 mM NaCl, 1% Triton X-100, 1 mM bacitracin, 1 mM phenylmethylsulfonyl fluoride and aprotinin equivalent to 1 trypsin inhibitor unit/ml buffer). The homogenate was centrifuged at 10,000 g for 10 min. The resultant supernatant was slowly stirred for 90 min with a mini-magnetic bar to solubilize the receptors and was centrifuged at 200,000 g for 60 min. The supernatant was applied to a WGA-agarose affinity column that was pre-equilibrated thoroughly in buffer B (pH 7.6, containing 50 mM Hepes, 150 mM NaCl and 0.1% Triton X-100). The eluate was reapplied to the column four additional times. After the column was washed with at least 100 bed vol of buffer B, the bound receptors were eluted in the glycoprotein fraction with buffer C (buffer B supplemented with 0.45 M N -acetylglucosamine) and concentrated using an ultrafilter with a molecular weight cutoff of 10,000 daltons (Fisher Scientific, Pittsburgh, PA). The protein content was measured according to Bradford (19) . Muscle samples from each CRF and pair-fed SO rat were always processed at the same time to obtain comparable receptor yields.
To determine whether the percent recovery of the IGF-1 receptor from WGA was similar in CRF and SO rats, the pellet and the supernatant after the 200,000 g centrifugation and the eluates from the WGA affinity columns in preparations from five pairs of CRF and SO, pair-fed rats were incubated with Receptor-ligand binding assay. Hormone binding assays were carried out in soft polyethylene microcentrifuge tubes in duplicate or triplicate. 20 g of WGA-purified protein were incubated in buffer B, in a total volume of 200 l, with 50 pM 125 I-labeled IGF-1 in the absence or presence of various concentrations of unlabeled hormones as indicated in Results. After incubation for 16 h at 4 Њ C, the binding reaction was stopped by adding 100 l ice-cold 0.3% ␥ -globulin and 300 l of 25% polyethylene glycol 8000 (PGE 8000) in buffer B. The tubes were incubated for 15 min at 4 Њ C and then centrifuged for 5 min at 14,000 g. The supernatant was aspirated, and the resultant pellet was washed twice with 300 l cold 12.5% PGE 8000. The tubes were then inverted and drained at room temperature for 15-20 min, and the tips containing the pellet were cut off and counted in a gammacounter. Nonspecific binding was estimated in the presence of 50 nM unlabeled IGF-1 and accounted for 8-15% of total binding. The specific binding was determined as the difference between each individual binding value and the average nonspecific binding. The binding data were analyzed by Scatchard plots (27) using the LIGAND program to fit the binding curves and to calculate the dissociation constant ( K d ) and the maximum number of binding sites ( B max ). B max was factored by the protein content in the WGA-purified receptor preparation.
Equalization of receptor number in the WGA-eluate derived from CRF and SO rats. In cross-linking studies and receptor tyrosine kinase studies (see below), the IGF-1 binding activities in the WGAeluate from CRF and SO controls were equalized and the WGA-eluate from CRF and SO rats containing equal IGF-1 binding activity was used for the comparison between the groups. Because the number of the IGF-1 receptors ( B max ) was increased in the skeletal muscle of CRF rats but the binding affinity ( K d ) of the muscle IGF-1 receptor in CRF rats was not different from SO controls (see Results), the following procedure was used to obtain equal amounts of IGF-1 specific binding in the WGA eluates from each pair of CRF and SO rats: 125 I-IGF-1 binding per 15 ug WGA eluate from a given pair of CRF and SO rats was determined in the presence of 0.5, 1.0, 3.0, 6.0, 12.5, and 50 nM unlabeled IGF-1 in triplicate. Ratios of the specifically bound counts in samples derived from the CRF rat to those from the pair-fed SO control were determined at each unlabeled IGF-1 concentration; these ratios were averaged, and the mean value was used to calculate the relative number of IGF-1 receptors in the WGA eluates from this pair of CRF and SO rats. The calculation for equalizing the number of IGF-1 receptors in the WGA eluate from a SO rat to the receptor number in the WGA eluate from its paired CRF rat was achieved by multiplying the volume of the WGA eluate from the CRF rat by the mean ratio obtained as described above; the resulting number was the volume of the WGA eluate from the SO rat to be used.
IGF-1 receptor affinity labeling. WGA-purified receptors were covalently cross-linked to 125 I-IGF-1 according to Massagué and Czech (28) with minor modifications. The WGA eluate from CRF and SO rats containing equal amounts of IGF-1 specific binding activity was incubated overnight at 4 Њ C with 4 nM 125 I-IGF-1, in 60 l buffer B, in the absence or presence of unlabeled hormones as indicated in Results. Freshly prepared disuccinimidyl suberate (DSS) in dimethyl sulfoxide was then added, at a dilution of 1:100, to a final concentration of 0.4 mM. After incubation for 30 min at 4 Њ C, the reaction was stopped by adding fivefold concentrated Laemmli's buffer (29) with or without 50 mM dithiothreitol (DTT). The samples were boiled for 3 min and resolved by SDS-PAGE according to the method of Laemmli (29) in 7.5% resolving gels with 4% stacking gels. The dried gel was autoradiographed with Kodak X-Omat film (Eastman Kodak Co., Rochester, NY).
Autophosphorylation of the IGF-1R ␤ subunit. WGA-purified muscle receptor proteins from CRF and SO, pair-fed rats containing equal IGF-1 binding activities were incubated overnight at 4 Њ C in buffer B supplemented with 8 mM MnCl 2 and 10 mM MgCl 2 in a total volume of 60 l in the presence of different concentrations of unlabeled IGF-1 or insulin. The phosphorylation reaction was then initiated by adding 50 nM of ATP and 2.5 Ci [ ␥ -32 P]ATP and was allowed to continue for 20 min at 4 Њ C. The reaction was then terminated by the addition of fourfold concentrated Laemmli's reducing sample buffer and by boiling for 3 min. The reaction mixture was separated by SDS-PAGE, and the magnitude of phosphorylation was measured by autoradiography and densitometry.
Assay of IGF-1 receptor tyrosine kinase activity towards exogenous substrate. The autophosphorylation of IGF-1 receptor ␤ subunit and phosphorylation of insulin receptor substrate-1 (IRS-1), a natural substrate for IGF-1 receptor tyrosine kinase (30) , was measured according to a modification of the methods of Myers et al. (30) , and Alexandrides and Smith (31) . WGA-purified muscle receptor protein from CRF rats and pair-fed controls containing equal amounts of IGF-1 binding activity were incubated overnight at 4 Њ C in buffer B supplemented with 8 mM MnCl 2 and 10 mM MgCl 2 in a total volume of 60 l with 25 nM rhIGF-1. After addition of 1 g of recombinant rat IRS-1 and 2 mM activated sodium orthovanadate, the mixture was incubated on ice for 20 min. The phosphorylation reaction was then initiated by adding 50 nM of ATP and 2.5 Ci [ ␥ -32 P]ATP and was allowed to continue for 90 min at 4 Њ C. The reaction was terminated by the addition of fourfold concentrated Laemmli's sample buffer containing 50 mM DTT followed by boiling for 3 min. The samples were separated by SDS-PAGE. The gels were dried, autoradiographed with Kodak-Omat film and analyzed with densitometry. The ratios of the densitometry units of phosphorylated IRS-1 bands to the units of phosphorylated IGF-1 receptor ␤ subunit bands were calculated as the standardized index of the receptor tyrosine kinase activity towards exogenous substrate. In other receptor tyrosine kinase activity assays, the phosphorylation of exogenous IRS-1 was measured when the concentration of the ␤ subunit (i.e., receptor tyrosine kinase) was equalized between the CRF and SO rats. The equalization of receptor tyrosine kinase concentration was achieved by trial and error and was confirmed by demonstrating equal densities of the bands representing the autophosphorylated IGF-1R ␤ subunits. These assays were carried out with or without IGF-1, insulin or IRS-1 present in the assay buffer.
Statistical Analyses. All analyses for statistical significance were performed with the StatView statistical software package (BrainPower Inc., Calabasas, CA). Statistical significance between groups of data was analyzed by the non-paired Student's t test (e.g., measurement of protein synthesis and degradation during incubation with rhIGF-1; K d , B max and densitometry measurements). Evaluation of statistical significance among several groups was carried out by ANOVA (i.e., comparison of protein synthesis or degradation with rhIGF-1 vs. des-IGF-1, LR 3 -IGF-1 and rhIGF-1 with proteinase inhibitors). The variance of the values is given as the standard error of the mean (SEM). Statistical significance is taken as P Ͻ 0.05.
Results

Characteristics of the CRF and sham-operated, pair-fed rats.
Characteristics of the rats are shown in Table I . Most of these data were obtained from the first 30 to 40 pairs of CRF and SO rats studied. 3 wk after surgery the serum creatinine of the CRF rats was 1.18Ϯ0.06 mg/dl as compared with 0.33Ϯ0.01 mg/dl in the SO, pair-fed rats (P Ͻ 0.001). The body weights of the CRF rats (200Ϯ11 grams) were significantly lower than in the SO rats (256Ϯ28 grams). At the time of killing, there was no difference in blood pH and pCO 2 between the CRF rats and SO, pair-fed controls; this lack of difference was probably due to the NaHCO 3 added to the drinking water of the CRF rats. IGF-1 levels in serum and in pooled hindlimb skeletal muscle in the CRF rats were 170.3Ϯ16.4 ng/ml and 4.22Ϯ1.03 ng/grams, respectively. These values were significantly lower than in the SO rats (410.4Ϯ49.3 ng/ml in serum and 6.93Ϯ1.41 ng/grams in muscle, respectively, P Ͻ 0.001 for each comparison). The basal protein synthesis rate (i. e., the values obtained from the muscle not incubated with any rhIGF-1) in epitrochlearis muscle of the CRF rats (24.0Ϯ2.1 nmol Tyr/grams per hour) was significantly lower, by 22%, than that of SO, pairfed rats (30.8Ϯ2.4 nmol Tyr/grams per hour, P Ͻ 0.05). In contrast, the basal protein degradation rate in the epitrochlearis muscle of the CRF rats (234.4Ϯ13.8 nmol Tyr/grams per hour) was increased by 78% in comparison to SO rats (131.7Ϯ8.4 nmol Tyr/grams per hour, P Ͻ 0.001).
Effects of rhIGF-1 on protein synthesis and degradation in epitrochlearis muscle of CRF and SO, pair-fed rats. To elucidate whether there was a difference between CRF and SO rats in the anabolic effects of rhIGF-1 on skeletal muscle protein synthesis and degradation, the dose-response relationship of rhIGF-1 on protein turnover in CRF rats and their SO, pairfed controls was determined. The two epitrochlearis muscles from each rat were isolated. One muscle was randomly assigned to be incubated with vehicle and the another was incubated with a given concentration of rhIGF-1, ranging from 25 to 500 ng/ml in the incubation medium. The effects of rhIGF-1 on skeletal muscle protein synthesis and degradation are presented as the absolute value of the epitrochlearis muscle incubated with the specified concentration of rhIGF-1 (Fig. 1, A  and B) or the percentage change calculated as the difference in the response of the two muscles from the same rat divided by the response of the muscle incubated with vehicle ( Fig. 1, C  and D) . As shown in Fig. 1 , there was a rather linear doseresponse relationship in the epitrochlearis muscle of SO rats in which the protein synthesis rose and protein degradation fell as the concentrations of rhIGF-1 increased. In the SO rats, the peak increase in protein synthesis was 67Ϯ2.3% above the baseline at a rhIGF-1 concentration of 400 ng/ml in the incubation medium; the maximum suppression of protein degradation was 43.5Ϯ4.19% less than the baseline at the rhIGF-1 concentration of 500 ng/ml. The effects of rhIGF-1 on protein synthesis and degradation in CRF rats were markedly attenu- ated as compared to their SO pair-fed controls (Fig. 1) . The enhancement in epitrochlearis muscle protein synthesis induced by the various concentrations of rhIGF-1 in CRF rats was only 25 to 44% of that in SO rats. Similarly, the suppressive effects of the different concentrations of rhIGF-1 on protein degradation in epitrochlearis muscle from CRF rats were only 15 to 42% of those found in SO rats.
The effects of IGF-1 analogues and the influence of proteinase inhibitors on epitrochlearis muscle protein metabolism in CRF and SO rats. IGFBPs in plasma and tissues are important physiological modulators and regulators of the actions of IGF-1 (32). Since plasma concentrations of some IGFBPs and IGFBP fragments are elevated in CRF and the accumulated IGFBPs and IGFBP fragments may display increased total binding capacity for rhIGF-1 (14) , it is possible that the attenuated effects of rhIGF-1 on skeletal muscle protein turnover in CRF rats could be due to excessive binding of rhIGF-1 to the IGFBPs or IGFBP fragments in the incubated epitrochlearis muscles. Des-IGF-1 and LR 3 IGF-1 are two IGF-1 analogues that have markedly reduced binding affinities to IGFBPs (33) . Epitrochlearis muscles were therefore incubated with 40 nM des-IGF-1, 40 nM LR 3 IGF-1, or 40 nM rhIGF-1 to assess whether the IGF-1 analogues with reduced protein binding affinity induced the same increase in protein synthesis and suppression in protein degradation in the CRF rats as compared to the SO controls. In addition, it is possible that muscle proteinases might degrade rhIGF-1 more avidly in CRF rats vs. SO rats. Therefore, the effect on epitrochlearis muscle protein synthesis and degradation of adding a mixture of five different proteinase inhibitors (see Methods) to the incubation media simultaneously with the addition of rhIGF-1 was compared in CRF rats and SO rats.
In SO rats, des-IGF-1 and LR
3
-IGF-1 increased protein synthesis in epitrochlearis muscle slightly more than equimolar quantities of rhIGF-1 (P Ͻ 0.05, Fig. 2 A) ; only LR 3 -IGF-1 suppressed protein degradation more than rhIGF-1 (Fig. 2 B) . In CRF rats, LR 3 IGF-1 but not des-IGF-1, increased protein synthesis and suppressed protein degradation slightly more than rhIGF-1 (Fig. 2) . There was no effect of adding five proteinase inhibitors on rhIGF-1 enhanced protein synthesis or suppressed protein degradation in either the CRF rats or SO, pair-fed controls (Fig. 2) . What is perhaps most relevant is that neither the IGF-1 analogues nor the mixture of proteinase inhibitors abolished or even reduced the attenuated effects of rhIGF-1 on skeletal muscle protein synthesis or degradation in the CRF rats. The possibility that IGF-1 was degraded in the incubation medium was also examined as follows: After completion of the incubation with epitrochlearis muscle, 125 I-IGF-1 and unlabeled rhIGF-1 in the medium was separated with a 15% polyacrylamide gel and autoradiographed as described in Methods. In both the CRF and SO rats, no radioactivity was found except in the IGF-1 bands (data not shown).
IGF-1 mRNA and IGF-1 receptor mRNA levels in skeletal muscle of CRF and SO rats. In skeletal muscle of the CRF and SO rats, two protected bands were detected when the total RNA was hybridized with the exon 1 and 2 derived IGF-1 antisense RNA probe (Fig. 3) as has been previously reported in nonazotemic rats (23, 24) . The major protected band has a size of about 428 bp. The 428-bp size of this band suggests that it is the IGF-1 mRNA initiated at the start site 3 in exon 1 (23, 24) . The second protected band, which is fainter, has a size of about 210 bp and is considered to be the IGF-1 mRNA initiated at the start site 4 in exon 1 (23, 24) . Densitometry readings indicate that the 428-bp band comprised Ͼ 70% of the two IGF-1 mRNA bands identified. When total skeletal muscle RNA from the CRF and SO rats was hybridized with the IGF-1 receptor antisense RNA probe, one protected band with a size of about 265 bp was observed (Fig. 3) , as has been previously found in nonazotemic rats (25) . The CRF rats displayed a decrease in skeletal muscle levels of both IGF-1 mRNA species and an increase in IGF-1 receptor mRNA levels in skeletal muscle as compared to SO, pair-fed rats (Fig. 3) . Scanning densitometry analyses revealed that the skeletal muscle levels of the IGF-1 mRNA initiated at the start site 3 in exon 1 and the IGF-1 mRNA initiated at the start site 4 in exon 1 in CRF rats were only 36Ϯ3.2% and 32Ϯ3.0% of those detected in SO rats, respectively, and the IGF-1 receptor mRNA level in skeletal muscle of CRF rats was 266Ϯ12.3% of the SO rats (Fig. 4) .
IGF-1 receptor number and binding affinity in skeletal muscle of CRF and SO rats.
Muscle IGF-1 receptor number and binding affinity in CRF and SO rats were measured by ligand-binding assay using WGA-purified IGF-1 receptors from pooled hindlimb muscles of CRF and SO rats. Scatchard analysis of the binding data revealed a single high affinity IGF-1 binding site in skeletal muscle of both CRF and SO rats. The regression lines derived from the binding data of CRF and SO rats are parallel (Fig. 5) . In SO rats, the maximum IGF-1 binding number (B max ) and the dissociation constant (K d ) were 4.0Ϯ0.25 nmol/mg and 1.73Ϯ0.26 nM, respectively (Table II) . CRF rats displayed a markedly increased B max (9.78Ϯ0.49 nmol/mg) as compared to SO rats (P Ͻ 0.001). However, the binding affinity (K d ) of the skeletal muscle IGF-1 receptor in CRF rats was not significantly different from that in SO rats (Table II) . To further characterize the receptors responsible for the binding of I-IGF-1 to the WGA eluate derived from the hindlimb muscle of SO rats was most potently displaced by unlabeled rhIGF-1 and less potently by unlabeled rhIGF-2; unlabeled insulin had much less effect on IGF-1 binding. Similar findings were observed in CRF rats. ment of tracer binding) for these unlabeled hormones. In SO rats, unlabeled rhIGF-1 had a IC 50 of 0.396Ϯ0.02 nM; the IC 50 for unlabeled rhIGF-2 and insulin were about 10-fold (3.8Ϯ0.23 nM) and 500-fold (191Ϯ28 nM) greater, respectively, than that of unlabeled rhIGF-1. The IC 50 values for these unlabeled hormones were not significantly different between the CRF rats and SO rats (Table II) .
To document that the percent recovery of the IGF-1 receptor was similar in the two groups of rats, partially purified IGF-1 receptors from skeletal muscle were obtained from five pairs of CRF and SO, pair-fed rats. The Table II ). These latter two experiments indicate that the finding of increased skeletal muscle IGF-1R numbers in the CRF rats could not be due to differences in the recovery of the receptor or to an increase in IGFBPs in the WGA eluates. Fig. 6 , in both CRF and SO rats one group of labeled bands appears on the autoradiogram when the cross-linked WGA eluate was resolved on SDS-PAGE in the absence of dithiothreitol (DTT) (Fig. 6, lanes A and G) . These bands may be composed of several bands with an apparent M r Ͼ 290,000 daltons and have been reported previously to be the intact and partially proteolyzed native IGF-1 receptor complex (34) . When the WGA eluate that was incubated with reducing agent, DTT, in both CRF and SO rats two groups of affinity-labeled species are present on the autoradiogram (Fig.  6, lanes B and H) . One group of intensely labeled bands appear in the M r ϭ 140,000 dalton region of the gel and has been denoted as the ␣ subunit of the IGF-1 receptor (28) . The other group actually consists of two labeled species with apparent M r of about 275,000 and 235,000 daltons, respectively, and may correspond to the IGF-1 receptor subunits that have been cross-linked to each other, i.e., the ␣␣ dimer and the ␣␤ dimer, as reported by others (34) . In SO rats, 25 nM unlabeled IGF-1 partially and 100 nM unlabeled IGF-1 completely displaced the 140,000, 275,000 and 235,000 dalton species (lanes C and D), whereas unlabeled insulin had almost no effect on these bands even at concentrations of 500 nM and 1 M, respectively, (lanes E and F) . The abilities of the unlabeled hormones to displace the cross linking of 125 I-IGF-1 to the WGA eluates from CRF rats did not differ from SO rats (lanes I-L) .
Diminished autophosphorylation of the skeletal muscle IGF-1R ␤ subunit in CRF rats. We next examined whether there was an abnormality in the postreceptor signaling of the skeletal muscle IGF-1R in CRF rats. The first step was to measure the autophosphorylation of the IGF-1R ␤ subunit induced by incubating the receptors with rhIGF-1 or insulin (Fig.  7) . As shown in Fig. 7 B, one major group of phosphorylated protein bands with an apparent M r of 95,000 daltons is visualized. These bands are considered to be the phosphorylated ␤ subunits of the IGF-1R. In both CRF and SO, pair-fed rats, autophosphorylation of the IGF-1R ␤ subunit was dosedependent, increasing with progressively rising rhIGF-1 concentrations. In CRF rats, the magnitude of receptor autophosphorylation was significantly lower (P Ͻ 0.05) at every IGF-1 concentration, averaging only 52 to 60% of the SO rats by densitometry analysis, even though the receptor protein assayed from CRF rats contained the same binding activity as the receptor preparation from their SO controls (Fig. 7, A and B) . Insulin, at 10 and 100 nM, induced little or no receptor autophosphorylation in the CRF and SO rats (Fig. 7 B, lanes E, F,  K, and L) . Several other phosphorylated proteins are visualized in the autoradiogram when IGF-1 was added. The phosphorylation of these proteins was not strongly correlated with the IGF-1 concentration, and their identity is not known.
Abnormal receptor tyrosine kinase activity of muscle IGF-1 receptor in CRF rats. The next step was to examine muscle IGF-1 receptor tyrosine kinase activity towards exogenous insulin receptor substrate-1 (IRS-1), a natural substrate for the tyrosine kinase intrinsic to the ␤ subunit of the IGF-1 receptor (Fig. 8) (30) . WGA-partially purified receptors containing equal specific IGF-1 binding activities from CRF and SO rats were activated by overnight incubation with unlabeled IGF-1 and then underwent a phosphorylation reaction in the presence of exogenous IRS-1. The reaction mixture was subsequently analyzed by SDS-PAGE. As shown in Fig. 8 B, two species of labeled bands were visualized on the autoradiogram. One group of bands has a M r of 95,000 daltons. These bands are considered to be the ␤ subunits of the IGF-1 receptor that I-IGF-1 to the receptors was carried out by addition of 0.4 mM disuccinimidyl suberate and subsequent incubation at 4ЊC for 30 min. The reaction was stopped by adding fivefold concentrated Laemmli's sample buffer with or without 50 mM dithiothreitol (DTT) as indicated and boiling for 3 min. The samples were then separated by SDS-PAGE on a 7.5% resolving gel and a 4% stacking gel, and visualized by autoradiography. Affinity labeled ␣ subunits of the IGF-1 receptor are indicated by an arrow to the right as the band with a M r of 140,000 daltons. The IGF-1 receptor subunits that were cross-linked to each other, i.e., the ␣␣ dimer and the ␣␤ dimer, are indicated by the arrows to the right as the bands with a M r of 275,000 daltons and 235,000 daltons, respectively. Arrows to the left represent the M r of the marker proteins. IGF-1 to WGA eluates (20 g) derived from CRF and SO rats was carried out as described in Methods, in the absence or presence of unlabeled hormones (0.1-50 nM of rhIGF-1, 0.1-500 nM of rhIGF-2 or 1 nM to 10 M of insulin). The LIGAND program was used to fit the displacement binding curves and to compute the characteristic parameters of the IGF-1 receptor. was autophosphorylated by the intrinsic receptor tyrosine kinase activated after the binding of IGF-1 to the ␣ subunit of the receptor (30) . Another species of phosphorylated bands has a M r of about 175,000 daltons. These bands represent the IRS-1 that was also phosphorylated by the activated intrinsic receptor tyrosine kinase (30, 31) . The ratio of the density of the phosphorylated IRS-1 band to that of the autophosphorylated ␤ subunit of the IGF-1 receptor is taken as an index of the IGF-1R tyrosine kinase activity towards exogenous substrate (Fig. 8 A) . The mean value of this ratio in CRF rats (0.52Ϯ0.06) was significantly lower than that in the SO, pairfed animals (2.31Ϯ0.21, P Ͻ 0.01) (Fig. 8 A) .
Because the tyrosine kinase activity was lower in the skeletal muscle of the CRF rats (Fig. 8) and this might alter the kinetics of IRS-1 phosphorylation, we repeated these experiments using equal amounts of receptor tyrosine kinase activity in the CRF and SO rats (Fig. 9 , see Methods). In addition, in some of these latter assays, IRS-1 was not added in order to ensure that the 175-kD bands were exclusively IRS-1. Also to show that the activity was mediated by the IGF-1 receptor and not the insulin receptor, lanes with unlabeled insulin were included. As shown in Fig. 9 , with equal amounts of tyrosine kinase activity added, the phosphorylation of IRS-1 was still reduced in the CRF rats ( lanes F vs. A) . When IRS-1 was not added to the assay, no phosphorylation of proteins in the 175-kD region was observed (lanes C and H). Both 10 nM and 100 nM insulin had little or no stimulatory effects on the phosphor- 
Discussion
A number of studies indicate that animals with CRF display enhanced protein degradation and impaired protein synthesis in skeletal muscle (6, 7) . In patients with CRF, skeletal muscle protein depletion is well described (2, 3) . Although several causes for abnormal skeletal muscle protein metabolism in CRF have been proposed (6) , all of the mechanisms have not been clearly elucidated. Since IGF-1 promotes protein accrual in skeletal muscle and there is resistance to the actions of IGF-1 in patients with CRF (34), it is possible that IGF-1 resistance is a cause of skeletal muscle protein depletion. Therefore, we examined the actions of IGF-1 in skeletal muscle of rats with CRF. The CRF rats were given 80 mM NaHCO 3 in the drinking water to prevent acidemia which may cause skeletal muscle protein degradation (4).
Our results indicate that over a wide range of rhIGF-1 concentrations (25-500 ng/ml), the epitrochlearis muscle of the SO rats showed a dose-responsive increase in protein synthesis and suppression of protein degradation (Fig. 1) . The CRF rats, in contrast, displayed impaired stimulation of protein synthesis and suppression of protein degradation over this range of rhIGF-1 levels. The skeletal muscle resistance of CRF rats to the anabolic effects of rhIGF-1 on protein turnover is consistent with the observations from our studies in humans with CRF (34) . The acute fall in plasma insulin, C-peptide, cortisol, amino acids and glucose induced by an injection of two different doses of rhIGF-1 in chronic hemodialysis and peritoneal dialysis patients was significantly less than in normal adults. Notwithstanding these findings, repeated subcutaneous injections of pharmacological doses of rhIGF-1 does induce a more anabolic state in malnourished chronic peritoneal dialysis patients (16) and in rats with acute renal failure (17) .
Both serum and skeletal muscle IGF-1 concentrations were reduced in the CRF rats (Table I) . This also might contribute to their impaired protein synthesis and enhanced protein degradation in the skeletal muscle, which was observed even when no rhIGF-1 was added to the incubation medium (Fig. 1) . Serum IGF-1 is mainly derived from the hepatic synthesis of IGF-1 (11) . The decreased serum IGF-1 in CRF rats might be due to impaired hepatic IGF-1 synthesis. Chan et al. (35) reported that in CRF rats, liver IGF-1 mRNA was reduced by about 50% and displayed a blunted response to growth hormone injections. However, the decreased hepatic IGF-1 mRNA could be due to the reduced food intake of the CRF rats. Another potential cause for lower serum IGF-1 levels in CRF rats is the decreased renal IGF-1 synthesis, since the renal IGF-1 production is substantial (36) .
The deficiency of muscle IGF-1 in CRF rats seems to be due to impaired IGF-1 synthesis, since skeletal muscle IGF-1 mRNA levels were reduced in CRF animals ( Fig. 3 and 4) . The mechanisms for the diminished skeletal muscle IGF-1 gene expression in CRF are not known. Growth hormone and insulin may stimulate the expression of IGF-1 mRNA in skeletal muscle in normal rats (37, 45) , and resistance to both hormones occurs in CRF (14, 35, 38) . Intracellular calcium reciprocally regulates IGF-1 gene expression in cultured cells (39) . In CRF, basal cytosolic calcium is increased in many tissues (40) , and this might suppress the expression of skeletal muscle IGF-1 mRNA. Low nutrient intake and metabolic acidosis also downregulate IGF-1 gene transcription (41, 42) . However, our SO rats were pair-fed to the CRF rats, and the CRF rats were fed NaHCO 3 and were not acidemic (Table I) .
The present study indicates that the impaired response of skeletal muscle to rhIGF-1 in CRF rats was not due to either excessive binding of rhIGF-1 to IGFBPs or to enhanced catabolism of rhIGF-1 (Fig. 2) . Two IGF-1 analogues that have low binding affinities to IGFBPs, des-IGF-1 and LR 3 -IGF-1, did not normalize the impaired response to rhIGF-1 in skeletal muscle of CRF rats. Also, addition of a combination of five different proteinase inhibitors to skeletal muscle did not normalize the actions of rhIGF-1 in these animals. Moreover, incubation of rhIGF-1 with skeletal muscle did not lead to detectable degradation products of IGF-1 in the media.
Because altered receptor binding capacity or function of the IGF-1 receptor (IGF-1R) could cause IGF-1 resistance, the IGF-1 receptor in skeletal muscle was studied. IGF-1 may interact with three distinct receptors (43): the IGF-1R, the IGF-2/mannose-phosphate receptor, and the insulin receptor. In skeletal muscle, where there is significant expression of the IGF-1R (26, 31) , most of the acute metabolic effects of IGF-1 are mediated by the IGF-1 receptor (9, 44) . The results of the current study show that the IGF-1R number in the WGA eluate, determined by the ligand binding assay, was increased in the CRF animals to 2.7 times the control values (Fig. 5 , Table  II ). Since the skeletal muscle IGF-1R mRNA level was increased proportionately in the CRF rats, to about 2.5 times the Figure 9 . Phosphorylation of exogenous IRS-1 by intrinsic IGF-1R tyrosine kinase in skeletal muscle of CRF and SO rats. Phosphorylation of IRS-1 was assayed as described in Fig. 8 with the following modifications: the receptor tyrosine kinase activity in each lane from the CRF and SO rats was equalized as confirmed by the similar density of autophosphorylated IGF-1R ␤ subunit; in some lanes either rhIGF-1 (lanes B and G) or IRS-1 (lanes C and H) was not added or insulin was added at 10 nM or 100 nM (lanes D, E, I, and J). The molecular weight of the marker proteins and the location of the phosphorylated IGF-1R ␤ subunit and phosphorylated IRS-1 are indicated by horizontal lines. Similar results were obtained in assays from three pairs of CRF and SO, pair-fed rats.
value in the SO animals ( Fig. 3 and 4) , it seems likely that the increased IGF-1R number in CRF rats is due to the increased gene transcription for the IGF-1 receptor. The combination of up-regulated skeletal muscle IGF-1R mRNA and down-regulated IGF-1 mRNA levels observed in the CRF rats ( Fig. 3 and  4) has also been described in fasted rats and rats with diabetes mellitus (41, 45) . IGF-1 and insulin can each down-regulate the expression of IGF-1R mRNA in rat skeletal muscle in vivo (45) . Thus, the decreased IGF-1 levels in skeletal muscle and sera of CRF rats and possibly the resistance to insulin in CRF (38) may contribute to the up-regulation of skeletal muscle IGF-1R mRNA and IGF-1R number.
Several lines of evidence indicate that the binding affinity of the skeletal muscle IGF-1R in the CRF rats was normal. The Scatchard plot curves derived from the ligand binding data of the CRF and SO rats are parallel (Fig. 5) , and the dissociation constants (K d ) for the muscle IGF-1R from the CRF rats were not different from the SO rats (Table II) . Furthermore, unlabeled rhIGF-1, rhIGF-2, and insulin displayed the same abilities to displace the specific binding of 125 I-IGF-1 to the WGA partially purified skeletal muscle IGF-1 receptor in CRF as compared to the SO rats; the inhibitor concentrations for 50% displacement of tracer binding (IC 50 ) for the three unlabeled hormones were not different between the CRF and the SO rats (Table II) . Finally, the affinity cross-linking study further confirmed the similarity between the CRF and SO rats with regard to the displacement of the cross-linking of 125 I-IGF-1 to the ␣ subunit of the skeletal muscle IGF-1R by unlabeled IGF-1 and insulin (Fig. 6) .
The finding that the IGF-1R number was increased and receptor binding affinity was normal in skeletal muscle of CRF rats indicates that the total IGF-1R binding capacity in skeletal muscle was probably elevated in these rats. Thus, the possibility that the IGF-1 resistance was due to a postreceptor defect was explored. IGF-1 binds to the IGF-1 receptor at the ␣ subunit of the receptor where it activates the tyrosine kinase intrinsic to the IGF-1R ␤ subunit (46) . The activated receptor tyrosine kinase phosphorylates, on tyrosine residues, both the IGF-1R ␤ subunit (46) and several other intracellular proteins including insulin receptor substrate-1 (IRS-1, 30, 46 ). IRS-1 seems to be an important mediator protein in the signaling cascade induced by IGF-1 and insulin receptors. It is rapidly tyrosyl phosphorylated by IGF-1R tyrosine kinase and acts as a docking molecule which binds to and regulates the activity of other substrate proteins (30, 46) . We therefore examined two aspects of the postreceptor signal transduction system for skeletal muscle IGF-1R: the autophosphorylation of the IGF-1R ␤ subunit and the activity of the IGF-1 receptor tyrosine kinase towards exogenous IRS-1. Both of these activities were impaired in the CRF rats (Figs. 7-9 ). At each concentration of rhIGF-1, the autophosphorylation of the ␤ subunit was reduced in the CRF rats as compared to the SO animals. The skeletal muscle IGF-1R tyrosine kinase activity towards exogenous IRS-1, measured as the ratio of the phosphorylation of exogenous IRS-1 to the phosphorylation of IGF-1R ␤ subunit, was significantly reduced in the CRF rats (Figs. 8 and 9) . Moreover, when the magnitude of the receptor tyrosine kinase autophosphorylation in the CRF and SO rats was adjusted to be similar, the phosphorylation of IRS-1 was clearly reduced in the CRF rats (Fig. 9 ). These findings suggest that both the impaired autophosphorylation of the tyrosine kinase in the IGF-1 receptor and reduced phosphorylation of IRS-1 by IGF-1R tyrosine kinase are causes of the diminished skeletal muscle response to IGF-1 in the CRF rats.
In summary, we observed skeletal muscle resistance to the anabolic effects of exogenous IGF-1 on protein metabolism in CRF rats. In skeletal muscle of CRF rats, protein synthesis is reduced and protein degradation is enhanced. The doseresponsive increase in protein synthesis and suppression in protein degradation induced by IGF-1 in CRF rats is markedly attenuated. There are decreased serum IGF-1 levels and, in skeletal muscle, reduced IGF-1 mRNA and the IGF-1 peptide and increased IGF-1R mRNA and IGF-1R number with normal binding affinity. Both autophosphorylation of the IGF-1R tyrosine kinase and activity of the IGF-1R tyrosine kinase towards exogenous IRS-1 are diminished in skeletal muscle of CRF rats. None of these abnormalities can be accounted for by acidemia or reduced nutrient intake. These abnormalities may contribute to the abnormal skeletal muscle protein metabolism that occurs in CRF rats.
